INTRODUCTION
The city of Jacksonville, in Duval County, Florida, is a rapidly-growing area with an increasing need for potable water ( fig. 1 ). Although water of good quality for public supply generally is available in the county, there is a potential for organic by-products to be produced in the finished water, resulting from the treatment of raw water. Known as DBPs (Disinfection By-Products), they result from chemical treatment of raw water containing low concentrations of naturally occurring organic compounds.
These by-products are of concern because many DBPs are known carcinogens, and others are suspected carcinogens. DBPs include trihalomethanes (THMs) and other products which commonly result from the treatment process in which raw water is disinfected with chlorine or ozone. Presently, waterquality standards are in effect only for total THM content. A maximum contaminant level (MCL) of 0.1 mg/L has been set by the Florida Department of Environmental Protection for total THM content in drinking water (Florida Dept. of State, 1993) . The THMs included in this standard are bromodichloromethane, dibromochloromethane, tribromomethane (bromoform), and trichloromethane (chloroform).
As mandated by the 1986 Safe Drinking Water Act amendments, the U.S. Environmental Protection Agency currently is developing more strict standards for DBPs. In addition to lowering the present THM standard, the new regulations may include specific DBP compounds, including brominated species, making control of brominated DBPs an important aspect of water treatment.
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ABSTRACT
Although Duval County, Florida, has ample ground-water resources for public supply, the potential exists for a problem with excessive disinfectant by-products. These disinfectant byproducts result from the treatment of raw water containing low concentrations of bromide and naturally occurring organic compounds. Because of this potential problem, the relation of bromide concentrations to aquifer tapped, well location and depth, and chemical characteristics of water in the Floridan aquifer system underlying Duval County were studied to determine if these relations could be applied to delineate water with low-bromide concentrations for future supplies.
In 1992, water samples from 106 wells that tap the Floridan aquifer system were analyzed for bromide and major dissolved constituents. A comparison of bromide concentrations from the 1992 sampling with data from earlier studies indicates that higher bromide concentrations were detected during the earlier studies. The difference between the old and new data is probably because of a change in analytical methodology in the analysis of samples.
Bromide concentrations exceeded the detection limit (0.10 milligrams per liter) in water from 28 of the 106 wells (26 percent) sampled in 1992. The maximum concentration was 0.56 milligrams per liter. There were no relations between bromide and major dissolved constituents, well depth, or aquifer tapped that would be useful for determining bromide concentrations. Areal patterns of bromide occurrence are not clearly defined, but areas with relatively high bromide concentrations tend to be located in a Because of the possibility of the formation of undesirable DBPs and the additional costs of removing them during water treatment, a knowledge of the distribution of bromide in waters of the Floridan aquifer system is desirable for resource management. Locations of future supply wells, for example, could then be selected to obtain water with minimum bromide concentrations. The distribution and concentrations of bromide in Duval County have not been documented, though historical data on bromide concentration are available as a result of past studies. However, the historical data are of limited usefulness because of possible bias in the method used to quantitatively determine bromide prior to 1984.
In 1992, the U.S. Geological Survey (USGS), in cooperation with the city of Jacksonville, sampled selected wells in Duval County for dissolved bromide, chloride, and other major constituents in an investigation to delineate the distribution of bromide in water in the Floridan aquifer system. The relation of bromide concentration to the aquifer tapped, well location and depth, and various chemical characteristics of water was studied to determine if these relations could be used to locate areas of relatively low-bromide concentrations.
Purpose and Scope
The purpose of this report is to describe the distribution of bromide in water in the Floridan aquifer system in Duval County, Fla. ( fig. 1) , and to present the results of an investigation to determine relations between bromide concentration and selected variables. The description includes an evaluation of historical data to assess the reliability of the older data, because the historical bromide concentrations were determined using a different analytical method than the method used in 1992. Bromide concentrations are summarized by aquifer, and the areal distribution of bromide concentration is presented. The relation of bromide concentration to well depth and other more commonly determined water-quality characteristics are evaluated to determine if these relations could be used for estimating bromide concentration in water at locations that have some water-quality data, but no bromide data.
Water samples were collected from 106 wells tapping the Floridan aquifer system in Duval County during June-August of 1992. Wells were selected for sampling that would provide a wide and relatively uniform areal coverage and that would be representative of sampling a range of mineralization commonly encountered in potable supply wells. Bromide and chloride concentrations were determined in water samples from all wells; concentrations of major dissolved constituents were determined in samples from 86 of the wells. All references to bromide and major ions, except alkalinity, in the following sections refer to the dissolved concentrations.
Background
Formation of brominated DBPs during routine drinking water treatment is the result of reactions of naturally occurring bromide ions in the water with chlorine or ozone. In the case of chlorination, the bromide ion (Br -) is oxidized by hypochlorous acid (HOCl) to hypobromous acid (HOBr), which then may react with naturally occurring organic compounds to form bromoform and other brominated compounds. 
The use of ozone (O 3 ) for treating drinking water is becoming more prevalent as public utilities seek to minimize DBP formation with alternatives to chlorination. However, application of ozone is not without potential for formation of undesirable DBPs if the water contains trace levels of bromide. Ozone can oxidize bromide ions to hypobromous acid, leading to the formation of bromoform and other brominated compounds, as in chlorination. In addition, ozone can further react with the hypobromite ion (OBr -), formed by ionization of hypobromous acid, to yield the bromate ion (BrO 3 -). The bromate ion is a possible carcinogen (Kurokawa and others, 1986 Bromide occurs naturally in low concentrations in water in the Floridan aquifer system, probably originating from seawater. The concentration of bromide in seawater is about 67 mg/L, and the concentration of chloride is about 19,000 mg/L (Hem, 1986) , resulting in a mass ratio of about 0.0035. Various geochemical processes could result in the variation of bromide to chloride (and other ion) ratios in water in the Floridan aquifer system.
Methods of Investigation
Prior to sampling, all wells were purged by removing at least three casing volumes of water. If specific conductance, pH, or temperature of the purged water were still changing after three casing volumes had been removed, the well was further pumped (or allowed to discharge if free flowing) until these waterquality characteristics had stabilized or until five casing volumes of water had been removed. Sample bottles then were filled from the pump discharge. The points of sample withdrawal were as close to the wellhead as possible, and all samples were taken on the pump side of any pressure tanks or treatment points.
Samples for dissolved constituents were filtered through a 0.45-micron membrane filter and treated according to methods described in Fishman and Friedman (1985) . Samples for the determination of specific conductance and alkalinity were not filtered. All samples were analyzed in the USGS laboratory in Ocala, Fla.
HYDROGEOLOGY
Two aquifer systems are present in the study area. They are, in the order in which they would be penetrated by a well, the surficial aquifer system and the Floridan aquifer system. Separating the two aquifer systems are the clays, silts, and sands of the intermediate confining unit, which includes most of the Hawthorn Formation. The intermediate confining unit contains beds of lower permeability that confine the water in the Floridan aquifer system under artesian pressure. The Floridan aquifer system has three major water-bearing zones separated by less-permeable semiconfining units (Brown, 1984) . All the geologic units in the study area yield some water to wells, but their water-bearing characteristics differ considerably. The major hydrogeologic units underlying the area, their stratigraphic equivalent, and their hydrologic properties are shown in figure 2.
The Floridan aquifer system, the principal source of ground water in northeastern Florida, underlies all of Florida and parts of Alabama, Georgia, and South Carolina. Most reports that describe the hydrogeology of northeastern Florida use the terms "Floridan aquifer" (Parker and others, 1955) or "the principal artesian aquifer" (Stringfield, 1966) to describe the water-bearing rocks herein referred to as the Floridan aquifer system. Miller (1986, p. B45) defined the Floridan aquifer system as a vertically continuous sequence of carbonate rocks of generally high permeability that are mostly of Tertiary age; the rocks are hydraulically connected in varying degrees, and their permeability generally is one or more orders of magnitude greater than that of rocks bounding the system above and below.
The Floridan aquifer system ranges from about 1,600 to 1,900 ft in thickness in the study area. The system is divided into two aquifers of relatively high permeability, referred to as the Upper Floridan and the Lower Floridan aquifers. In the study area, the Lower Floridan aquifer is further divided into two waterbearing zones. These aquifers are separated by a less permeable unit that restricts the vertical movement of water. The Upper Floridan aquifer in the study area corresponds to the Ocala Limestone and, in some areas, also includes the upper part of the Avon Park Formation. The top of the aquifer generally lies at greater depths in the northern part of the study area; the altitude at the top of the aquifer surface ranges from about 250 ft below sea level to more than 600 ft below sea level in several areas in central Duval County (Spechler, 1994) .
The middle semiconfining unit separates the Upper and Lower Floridan aquifers and comprises beds of dense, relatively less-permeable limestone and dolomite of variable thickness and permeability. This unit generally is present in the upper part of the Avon Park Formation, and ranges in thickness from about 100 to 200 ft (Miller, 1986, p. B57) . Brown (1984, p. 15 ) recognized two major water-bearing zones within the Lower Floridan aquifer: the middle water-bearing zone and the lower water-bearing zone, referred to in this report as the upper zone of the Lower Floridan and the Fernandina permeable zone, respectively ( fig. 2 ). These zones are separated by another less permeable semiconfining unit.
In most of the study area, the upper zone of the Lower Floridan aquifer consists of approximately the lower two-thirds of the Avon Park Formation, which is composed of alternating beds of limestone and dolomite. Permeability in this zone is mostly related to secondary porosity developed along bedding planes, joints, and fractures. The unit is about 500 ft thick in the Jacksonville area and the top is about 950 to 1,400 ft below land surface (Krause and Randolph, 1989, p. 22) . About half of the water pumped by large municipal and industrial wells in the Jacksonville area is from the upper zone of the Lower Floridan aquifer (Krause and Randolph, 1989, p. 22) .
The Fernandina permeable zone is a highpermeability unit that lies at the base of the Floridan aquifer system in parts of southeastern Georgia and northeastern Florida (Miller, 1986, B70) . Little is known about the extent or thickness of the Fernandina permeable zone. Data from the few wells that have penetrated the zone in the study area indicate that the zone extends over the northern half of St. Johns and all of Duval and Nassau Counties. The thickness of the zone is estimated to be about 100 ft in the Jacksonville area.
BROMIDE DISTRIBUTION
Bromide concentrations and other water-quality data collected in June-August 1992 from the 106 wells in Duval County ( fig. 3 ) are listed in the appendix. Well data also are listed in the appendix. In following sections of the report these data are summarized in three ways. Exploratory data analysis is used to describe the distribution of concentrations by aquifer. Correlation analysis and data plots are used to indicate the relation of bromide to other characteristics. Mapscale plots of bromide concentrations are used to depict areal patterns.
Comparison of Recent and Historical Bromide Data
Historical data (1979-80) on the concentration of dissolved bromide apparently are not comparable with recent data (1992) because of a change in 1984 in analytical methodology. The historical data have a tendency toward higher bromide concentrations, as indicated by a summary of bromide concentrations in water from 162 wells tapping the Floridan aquifer system in Duval County sampled in 1979-80 ( fig. 4) . The median of the historical bromide concentrations is 0.10 mg/L, whereas the median of the recent sampling of 106 wells in Duval County is <0.10 mg/L. The maximum concentration of the historical data was 2.3 mg/L, whereas the maximum of the recent data is 0.56 mg/L.
More specific evidence of the non-comparability of historical and recent bromide data is furnished by data for 35 wells that were sampled in 1979-80 and again in 1992 ( fig. 4) . Bromide concentrations were less than the detection limit in only 2 of the wells sampled in 1979-80 but were less than the detection limit in 21 of the 35 wells sampled in 1992. Of the 35 wells sampled twice, 27 had higher bromide concentrations in the earlier samples. The median concentration of the 1979-80 sampling was 0.20 mg/L, but <0.10 mg/L for the 1992 sampling.
It is not likely that bromide concentrations were lower in 1992 than prior to 1981, because there is no reason to expect such a regional change. Further, other water-quality characteristics were nearly the same for both periods. For example, the median chloride concentration of water from 34 wells sampled both periods for chloride was 20 mg/L prior to 1981 and was 19 mg/L in 1992.
The reason for the differences in the bromide concentrations reported for the two periods probably is differences in the laboratory methods for sample analysis. Bromide concentrations in the water samples collected in 1979-80 were determined by the USGS laboratory in Atlanta, using the catalytic oxidation method (Skougstad and others, 1979, p. 329-330 ). This method is based on the catalytic effect of bromide on the oxidation of a known amount of iodide by potassium permanganate. The bromide concentrations in water samples collected in 1992 and presented in this report were determined by the USGS laboratory in Ocala, using a modification of the phenol-red method (American Public Health Association, 1992) . In this method, bromide ions present in the water sample are oxidized to bromine, which then hydrolyzes to hypobromite. The hypobromite ion reacts with phenyl red to form a characteristically colored complex; the concentration then can be accurately determined with spectrophotometry. Determination of the reason for differences in concentrations reported by the two analytical methods is beyond the scope of this study. Further discussions of the distribution of bromide in this report are based only on the data collected in 1992.
The Frequency of Bromide Occurrence
In 1992, bromide concentration exceeded the detection limit (0.10 mg/L) in water from 28 of the 106 wells sampled (26 percent). The maximum concentration of bromide was 0.56 mg/L, and the median concentration was <0.10 ( fig. 4) .
A summary of the bromide concentrations by aquifer supplying water to the well indicates that 75 percent of the wells tapping only the Upper Floridan aquifer had bromide concentrations in water of about 0.13 mg/L or less, and more than 75 percent of the wells tapping both the Upper and Lower Floridan aquifers had concentrations in water less than 0.10 mg/L (fig. 5) . The overall distribution of data indicates no difference in bromide concentration in water from wells tapping the Upper Floridan aquifer and water from wells tapping both the Upper and Lower Floridan aquifers. Six wells tap only the Lower Floridan aquifer, which is an insufficient number to assess aquifer-related differences in concentration. 
Relation of Bromide Concentration to Aquifer, Well Depth, and Chemical Characteristics
The single-variable relation of bromide concentration to well and casing depth, and to other chemical characteristics was investigated by applying the Spearman correlation analysis and by using graphical analysis. In the Spearman correlation analysis, data values (concentrations, well properties) are replaced with their ranks, with 1 representing the lowest concentration or value, and the total number of data values representing the highest concentration or value. The use of ranks, rather than raw data, makes the correlation procedure nonparametric, or unaffected by the distribution of the data.
Coefficients of determination and p-values for these coefficients were computed from the Spearman correlation analysis, and are given in table 1. The coefficients of determination indicate the fraction of the variation in rank of the bromide concentration (the dependent variable) that is explained by the variation in rank of the other chemical characteristics or well properties (independent variables). The p-value is a probability representing the significance of the analysis, and is used to infer whether or not to reject the null hypothesis (no relation between bromide and the independent variable). In this report, the null hypothesis is rejected if the p-value is 0.05 or less, indicating that relations between bromide and the independent variable are considered to be real (statistically significant), rather than just due to chance.
The Spearman correlation analysis was done in two ways. First, all wells were used, even if bromide concentrations were undetectable. A mean rank was computed and used for all wells with undetectable bromide concentrations. The analysis then was repeated using only wells with detectable concentrations of bromide. The correlation analysis using all samples, including those in which bromide was not detectable, indicates only relatively weak relations of bromide concentration to any of the independent variables. Bromide concentrations are significantly related (p-value <0.05) only to concentrations of calcium, potassium, and alkalinity. Of these, the relation between bromide and potassium explains most variation in bromide concentration, with a coefficient of determination of 0.21.
Excluding all samples with undetectable bromide concentration, the relation of bromide concentrations to the independent variables is still relatively weak. However, there are more statistically significant relations in this data set than in the data set that includes the wells with undetectable bromide. The relation of bromide concentration to calcium concentration accounts for the most variation in bromide concentration, with a coefficient of determination of 0.23.
Scatter-plots of bromide with concentrations of major cations ( fig. 6) , anions, and well depth ( fig. 7) show the lack of a strong relation between bromide and the other characteristics. The plots indicate that waters containing high concentrations of sodium (>50 mg/L) or chloride (>100 mg/L) generally have bromide concentrations that are lower than would be expected if the waters were simple dilutions of seawater with rainwater (indicated by seawater dilution curve). Also, bromide concentrations are always lower in relation to the potassium content than would be expected based on dilutions of seawater. This indicates that the waters of the Floridan aquifer system are not always simple mixtures of seawater and freshwater that are in contact with limestone, but may contain sodium, potassium, and chloride from other sources. Alternatively, sodium, potassium, and chloride from seawater are preferentially concentrated in the solid phase relative to bromide during precipitation of halite from seawater. Subsequent dissolution of the halite may result in waters with a lower ratio of bromide to chloride than is present in seawater. Regardless of the exact processes involved, the end result is that the relation of bromide to other dissolved constituents in the Floridan aquifer system is so variable that little relation is evident at the low concentrations of bromide in the aquifer system underlying the study area.
The major-ion diagrams of water samples containing detectable concentrations of bromide ( fig. 8) indicate that waters where sodium plus potassium make up about 20 percent or more of the cations present, and chloride makes up about 30 percent or more of the anions present tend to have higher bromide concentrations (>0.25 mg/L). However, other waters with no detectable bromide concentrations may also have similar sodium plus potassium and chloride compositions ( fig. 9 ). Therefore, a water type with relative high concentration of sodium plus potassium and chloride will not necessarily have detectable concentrations of bromide.
Multiple-regression analysis was used to determine if bromide concentrations were a function of the concentrations of two or more other constituents. The theory and use of multiple regression is discussed in many books on statistical analysis, for example, Draper and Smith (1981) . Much more of the variation in bromide concentration was explained by application of a multivariable regression model than application of the single-variable correlation analysis. Using only samples with detectable bromide concentrations, modeling results indicated that including all of the major constituents as independent variables explained 75 percent of the variation in bromide concentration with a standard error of estimate of 0.068 mg/L. A plot of measured and simulated bromide concentrations indicates an acceptable fit between model simulated and measured bromide-concentration data, but concentrations above 0.4 mg/L were overestimated in model simulation ( fig. 10) .
Although the multivariable model fits the samples with detectable bromide concentrations moderately well, it is not applicable to water with nondetectable concentrations of bromide ( fig. 10 ). Bromide concentrations as high as 0.34 mg/L were simulated for samples with no detectable concentrations. However, the agreement between simulated and measured bromide concentrations was good for simulated bromide concentrations exceeding 0.34 mg/L, though there is possibly a bias towards higher simulated concentrations. Thus, the model may be useful for simulating high concentrations (>0.34 mg/L) of bromide.
Logistic regression is a statistical technique for relating binary responses for a variable (such as detection or nondetection of bromide) to values of independent variables, such as water-quality characteristics. The technique is discussed in many books on statistical analysis, for example, Hosmer and Lemeshow (1989) . The logistic models evaluated for bromide give the probability of finding detectable concentration of bromide (>0.1 mg/L) as a function of concentrations of other constituents, using data for all wells sampled in 1992. In evaluating the logistic models, a simulated probability of 0.5 or higher was accepted as positive for detectable bromide. Figure 9 . Major-ion composition of water samples from wells tapping the Floridan aquifer system with no detectable dissolved-bromide concentrations, Duval County, Florida.
CATIONS ANIONS PERCENT OF TOTAL EQUIVALENTS
Determining the wells with detectable concentrations of bromide by simulation with logistic models was not successful. A single-variable model with potassium concentration as the independent variable simulated detectable bromide concentrations in water from only 31 percent of the wells with measured detectable concentrations of bromide. Including all cations and anions as independent variables (calcium, magnesium, sodium, potassium, alkalinity, chloride, and sulfate) in the logistic model improved the simulation accuracy somewhat, however detectable bromide concentration was simulated in water from only 41 percent of the wells with measured detectable bromide concentration. 
Areal Distribution of Bromide in Ground Water
Though the areal pattern of bromide concentrations in water in the Floridan aquifer system is not clearly defined, there are some indications of geographic areas with relatively high-bromide concentrations ( fig. 11) . A triangular area in which bromide concentrations generally were greater than 0.25 mg/L is located near the central part of the study area near Sunbeam. The area contains 13 wells, 8 of which yielded water containing more than 0.25 mg/L bromide, and 3 others which had detectable concentrations of bromide. Bromide concentrations were less than 0.1 mg/L in water from only two wells in the triangular area. Many of the wells along the St. Johns River also yielded water with detectable concentrations of bromide. Reasons for these areal patterns of bromide concentration are not obvious--they may be related to faulting associated with the river channel or other features which could allow intrusion of higherbromide water to the sampled wells.
SUMMARY AND CONCLUSIONS
Water of good quality for public supply generally is available in Duval County, northeastern Florida. However, the potential exists for a problem with the formation of excessive disinfectant by-products in finished water, resulting from the treatment of raw water containing low concentrations of naturally occurring organic compounds. Brominated disinfectant byproducts, which may form in water containing trace quantities of bromide, are of particular significance because the brominated species may be assigned maximum contaminant levels that are even lower than those currently set for chloroform. In 1992, the USGS, in cooperation with the city of Jacksonville, sampled selected wells in Duval County in an investigation to delineate the distribution of bromide in water in the Floridan aquifer system. Two aquifer system are present in the study area. They are, in the order in which they would be penetrated by a well, the surficial aquifer system and the Floridan aquifer system. Separating the two aquifers are the clays, silts, and sands of the intermediate confining unit, which includes most of the Hawthorn Formation. The Floridan aquifer system, which consists mostly of highly permeable carbonate rock, is the principal source of ground water in Duval County.
A total of 106 wells tapping the Floridan aquifer system were sampled and the concentrations of bromide and major dissolved characteristics were determined. A comparison of bromide concentrations from the 1992 sampling and from earlier studies in 1979-80 indicated that the earlier data had higher concentrations of bromide. The difference in the earlier and later data likely is because of a change in analytical methodology, but the reason for the differences is unknown.
In 1992 Bromide concentration is related only weakly to well depth and concentrations of other constituents. There were no single-variable relations between bromide and major dissolved constituents, well depth, or aquifer that would be useful for predicting bromide concentrations. Much more of the variation in bromide concentration was simulated with a multivariate regression model than with the single-variable models, and may be useful for simulating relatively high concentrations of bromide (>0.34 milligrams per liter).
The areal distribution of bromide in waters of the Floridan aquifer system is not clearly defined, but higher than common concentrations were observed along the St. Johns River and in a triangular area near the community of Sunbeam.
Appendix--Chemical characteristics of water from wells in Duval County, Florida that were sampled in July-August 1992 
